Background and PurposezzIschemic lesion recurrence on diffusion-weighted imaging (DWI-LR) is a frequently observed phenomenon after acute ischemic stroke. However, no study has elucidated the impact of DWI-LR on functional outcome.
Introduction
Ischemic lesion recurrence on diffusion-weighted imaging (DWI-LR) is a relatively common phenomenon in the acute stage of ischemic stroke, with an incidence of 30.4% within the first week 1 and about 40% at 1-3 months. [2] [3] [4] The risk of subsequent clinical events is more than threefold higher in patients with DWI-LR within 1 week after the index stroke than in those without DWI-LR. 4 Based on these results, DWI-LR was proposed as a potential "surrogate endpoint", which is defined as a measurement that can substitute for a true clinical endpoint in clinical trials. 4 However, criteria for valid surrogate endpoints require that the surrogate must be a correlate of clinical outcome and fully capture the net effects of treatment on clinical outcome. 5 Early symptomatic recurrence after index stroke was reported to aggravate the case fatality rate, disability, and prognosis of stroke. [6] [7] [8] Although most cases of DWI-LR are clinically silent, their pathogenesis is assumed to be identical to that of clinical recurrence of stroke. 3 The association of DWI-LR with functional outcome may be similar to that of symptomatic recurrence, although this remains to be proven. The aim of this study was to determine the impact of early DWI-LR on functional outcome after acute ischemic stroke as mea-sured by the score on the modified Rankin Disability Scale (mRDS).
Methods

Subjects
This was a retrospective analysis of ischemic stroke and transient ischemic attack patients admitted to the stroke center of Seoul National University Bundang Hospital between January 2004 and February 2008. Based on the prospective stroke registry, 9 we selected patients 1) who presented with focal neurologic signs or symptoms compatible with stroke, 2) were hospitalized within 48 hours from the onset, and 3) had relevant ischemic lesions on DWI. During the study period, a consecutive series of 1,364 patients were hospitalized due to stroke within 48 hours from the onset and had relevant ischemic lesions on initial DWI. Among them, 578 patients were excluded for the following reasons: 1) no follow-up DWI within 14 days after stroke onset (n=393), 2) not assessed for functional outcome on the mRDS at 3 months (n=20), or 3) having procedures that could cause ischemic lesions on follow-up DWI iatrogenically (i.e., diagnostic cerebral angiography, endovascular interventions of cerebral arteries, coronary revascularization, heart surgery, and carotid endarterectomy) (n=165). 10 A total of 786 patients were finally enrolled in this study. Most of the baseline characteristics did not differ significantly between those who were enrolled (n=786) and those who were excluded (n=578) ( Table 1) ; excluded patients had more-severe neurologic deficits and a higher frequency of cardioembolic stroke.
MRI protocols and diffusion-weighted imaging assessments
According to our stroke center's protocol, all eligible patients with acute ischemic stroke were scheduled for an MRI scan at presentation and for a follow-up scan usually within 1 week of hospitalization. The median interval from initial DWI to the final follow-up DWI was 4 days (interquartile range, 2 to 5 days). The MRI was conducted at 1.5 T (Intera, Philips Medical Systems, Best, the Netherlands) with a sensitivity-encoding head coil. DWI was performed using single-shot spinecho echo-planar imaging with the following parameters: matrix=128×128, slice thickness=5 mm, TR=4,000-5,000 ms, TE=56-65 ms, and b=1,000 s/mm 2 . All MRI scans that were performed within 14 days from stroke onset were reviewed by two neurologists (WJ Kim and Y Ko). DWI-LR was judged by them independently and blind to clinical information (kappa=0.83). Discrepancies were 
Clinical assessment
Clinical data were obtained from the stroke registry 9 primarily and with additional review of the medical records if necessary. Among those lesions satisfying the MRI-based definition of DWI-LR, symptomatic DWI-LR was identified as the presence of newly developed neurological deficits that were clearly different from those of the index stroke. 11 Lesions due to systemic causes of clinical deterioration (e.g., hypoxia, hypotension, hypo-or hyperglycemia, or infection) were not considered symptomatic. New lesions compatible with the MRI-based definition of DWI-LR but not identified as symptomatic were designated as asymptomatic DWI-LR. All patients were on antiplatelets or anticoagulants to prevent stroke recurrence, and also received treatment with other measures appropriate for secondary prevention of stroke (e.g., statins, antihypertensives, and hypoglycemics) based on current stroke guidelines.
12,13
Stroke subtypes were categorized according to the classification of the Trial of Org 10172 in Acute Stroke Treatment (TOAST): 14 1) large-artery atherosclerosis, 2) cardioembolism, 3) small-artery occlusion, 4) stroke of other determined cause, or 5) stroke of undetermined cause. We modified the criterion for lesion size of small-vessel occlusion to be less than 20 mm based on a report that an acute ischemic lesion is generally larger in DWI than in CT or conventional MRI. 15 At 3 months and 1 year after stroke onset, the functional status of each patient was determined through telephone interview by a trained nurse (MH Yang) using the mRDS 16 as part of a program monitoring the quality of inpatient stroke care. The mRDS score ranges from 0 to 6, with higher scores indicating greater disability (6 indicates death). For the analysis, the mRDS score was dichotomized into "good outcome" (0 to 2; patient is independent) vs. "poor outcome" (3 to 6; patient is dependent or dead).
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Power calculation
Before acquiring imaging data and refining the clinical data set by reviewing medical records, the power of this study was calculated based on the following assumptions. First, the frequency of DWI-LR was assumed to be 34% based on a previous report.
1 Second, poor outcome was estimated as 30% in the no-DWI-LR group, based on 33.7% of those in the original cohort having a poor outcome (mRDS score ≥3); note that information on the mRDS score was available for 1,512 of 1,602 patients at 3 months. Third, the postulated odds ratio (OR) values were 1.5, 2.0, and 3.0, which for the final 786 subjects gave calculated powers of 72%, 99%, and 99%, respectively. All calculations were performed using nQuery Advisor (version 6.1, Statistical Solutions, Cork, Ireland).
Statistical analyses
Continuous variables are expressed as mean±standard deviation or median (interquartile range) values, whereas categorical variables are presented as absolute values and percentages. We compared baseline characteristics according to the presence of DWI-LR. Student's t-test or the Mann-Whitney U test was used for continuous variables, and Pearson's chisquare test was used for categorical variables. To express the association of any, symptomatic, and asymptomatic DWI-LR with functional outcome, ORs and their 95% confidence intervals (CIs) were calculated using logistic regression with and without adjustment. Variables were selected for adjustment if 1) they showed p<0.2 in bivariate analyses with both functional outcome and DWI-LR, and 2) they were judged to be clinical relevant.
In order to check whether dichotomizing a polychotomous outcome variable influences the analysis results, we performed repeated logistic analysis with two other dichotomizations: mRDS scores of 0/1 vs. 2-6 and 0-3 vs. 4-6. Statistical analyses were performed using SPSS 15.0 for Windows (SPSS, Chicago, IL, USA) and a probability value of p<0.05 was considered statistically significant.
Results
Among 786 patients who were finally enrolled in this study, 221 (28.1%) had any DWI-LR, with 180 (22.9%) having asymptomatic DWI-LR and 41 (5.2%) having symptomatic DWI-LR. Those in the DWI-LR group were older, had a higher prevalence of atrial fibrillation, presented with lower systolic blood pressure, lower diastolic blood pressure, and higher initial score on the NIH Stroke Scale (NIHSS), and received IV thrombolysis more frequently than those in the no-DWI-LR group (Table 2) . DWI-LR occurred only rarely in those with small-artery occlusion (4.1%). Previous stroke tended to be more common in the DWI-LR group. With additional consideration of clinical relevance and the correlation with functional outcome, age, initial score on the NI-HSS, TOAST classification, IV thrombolysis, and previous stroke were chosen as variables for adjustment.
The functional outcome was worse in the DWI-LR group than in the no-DWI-LR group (Table 3) . At 3 months the outcome was poor (mRDS score of 3-6) in 28.7% and 52.0% of subjects in the no-DWI-LR and DWI-LR groups, respectively, and the ORs of any DWI-LR before and after adjustment were 2.70 (95% CI, 1.96 to 3.72) and 1.44 (95% CI, 0.94 to 2.20), respectively (Table 4) . We analyzed the association between asymptomatic DWI-LR and functional outcome by removing 41 symptomatic recurrent stroke patients from the data set. On crude analysis the contribution of asymptomatic DWI-LR to functional outcome remained significant (Table   4 ), but the significance disappeared after adjustment (adjusted OR, 1.04; 95% CI, 0.63 to 1.61). Symptomatic DWI-LR was associated with poor outcome (adjusted OR, 6.44; 95% CI, 2.50 to 16.57).
The results were not changed in additional analyses with 1-year outcome or stratification by TOAST (Table 3 and 4) . Repeated analyses with different dichotomization methods for outcome variable (mRDS scores of 0/1 vs. 2-6 and 0-3 vs. 4-6) also did not show a significant association between asymptomatic DWI-LR and functional outcome after adjustment (results are not presented here).
Discussion
To the best of our knowledge, this is the first study of the impact of early asymptomatic ischemic lesion recurrence on functional outcome of acute ischemic stroke. There are previous reports on the clinical importance of early lesion recurrence with respect to predicting late lesion recurrence 3 and subsequent clinical events, 4 and even lesion recurrence has been suggested as a surrogate endpoint of stroke prevention trials. 1, 3, 4, 18 However, the present study shows that asymptomatic ischemic lesion recurrence may not influence clinical outcome at 3 months, at least in terms of functional disability.
Several reasons can be suggested for the absence of an association between DWI-LR and mRDS at 3 months. An effect of asymptomatic DWI-LR on outcome could be mediated via an increased risk of further clinical events, or directly by the effect of silent ischemic lesions themselves. With respect to subsequent clinical events, 3 months of observation might have been too short for subsequent clinical events to occur and aggravate the clinical outcome in the DWI-LR group. In a previous study, recurrent ischemic stroke occurred in 11.4% of subjects in the early silent lesion recurrence group and in *Adjusted for previous stroke, initial score on NIHSS, IV thrombolysis, age, and TOAST classification, † Adjusted for previous stroke, initial score on NIHSS, IV thrombolysis, and age. DWI-LR: lesion recurrence on diffusion-weighted imaging, SAO: small-artery occlusion, LAA: large-artery atherosclerosis, CE: cardioembolism, NIHSS: NIH Stroke Scale, OC: other determined cause, UC: undetermined cause.
5.8% of the no-recurrence group during a follow-up of 19.3 ±9.0 months. 4 The higher proportion of subjects with smallartery occlusion in the present study compared to that study (25.4% vs. 17 .4%) may be another reason. An effect of silent ischemic lesions on outcome may be too small to be detected by applying the mRDS to a sample of this size. The mRDS has been widely used for measuring functional disability after stroke. Whilst its validity and reliability have been confirmed, 16, 19 it might be not sufficiently sensitive to detect small differences. Neuropsychological deficits in the absence of clinical stroke after coronary bypass surgery 20, 21 and cognitive deficits associated with new infarcts on MRI, mostly asymptomatic, in an elderly cohort 22 suggest that more-sophisticated methods-such as cognitive tests or measures of the quality of life-could reveal the impact of silent lesions on functional outcome. Furthermore, even when using the mRDS, increasing the sample size may only enable the detection of a modest contribution of DWI-LR to functional outcome, such as an OR of 1.5 or less. Further studies with larger samples and appropriate tools are warranted.
Lesion growth and lesion recurrence can be considered to be two major types of changes in ischemic lesions on DWI-MRI causing neurological deterioration after acute ischemic stroke. Evolution of ischemic lesions is very common, 23 and ischemic lesion growth is strongly correlated with clinical outcome. 24, 25 Therefore, the negative correlation between asymptomatic lesion recurrence and clinical outcome can be explained by the impact on clinical outcome being greater for lesion growth than for lesion recurrence. However, lesion growth was not measured in this study.
The frequency of DWI-LR in this study was 28.1% and varied according to TOAST classification, from 46.7% in cardioembolic stroke to 4.5% in lacunar stroke. The reported incidence of early lesion recurrence has varied from 33.7% to 34.3%. 1, 3, 4 The lower frequency of DWI-LR in our study may be attributable to the proportion of subjects with small-artery occlusion being higher in our study than in previous studies (25.4% vs. 12.1% and 12.5%). 1, 4 The rate of symptomatic DWI-LR was 5.2% in this study. Considering that we used all DWI scans that were performed within 14 days from symptom onset, this rate is similar to those of previous studies: the reported cumulative rates of clinical stroke recurrence were 2% within 1 week 26 and 1.6-8% within 2 weeks. [27] [28] [29] As expected, this study showed that symptomatic DWI-LR was strongly correlated with poor outcome in terms of functional disability at 3 months after stroke (crude and adjusted ORs, 10.03 and 6.44, respectively), which is similar to previous studies of the impact of early recurrence of stroke on functional disability. 7, 30, 31 Specific evidence is necessary for a surrogate endpoint to be considered an adequate substitute for the real endpoint. A surrogate endpoint has biologic relevance in terms of 1) the relationship between the candidate surrogate and true outcome, 2) synchronized changes among the surrogate endpoint and functional status, 3) reflection of the pathophysiologic process, and 4) the association between the surrogate endpoint and true outcome. 5 Because the present study showed that early asymptomatic ischemic lesion recurrence does not predict functional disability after stroke, DWI-LR is not an appropriate surrogate marker for use in clinical trials aimed at improving functional disability caused by stroke. Instead, ischemic lesion growth may be more helpful than lesion recurrence.
This study was subject to some limitations. First, this was a single-center, retrospective cohort study. Second, we excluded 40% of patients hospitalized during the study period. Although most baseline characteristics were comparable, the subjects who were excluded had more-severe neurological deficits, less-frequent small-artery occlusion, and more-frequent cardioembolic stroke. Third, follow-up DWI was performed at various intervals from stroke onset, although the interval did not differ between the DWI-LR-positive and DWI-LR-negative groups.
In conclusion, this study shows that symptomatic early lesion recurrence can affect functional outcome after acute ischemic stroke, whereas asymptomatic early lesion recurrence may not. However, the use of more sophisticated tools for detecting subtle changes due to asymptomatic recurrence with larger samples may produce different results. 
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